In this work the molecular mechanics simulations with the help of interatomic potentials were employed to predict temperature dependence of the Young's modulus and Poisson's ratio of a number of TiO 2 -based four facetted nanotubes and nanowires. The temperature dependence of the Young's modulus was obtained through the calculation of the Helmholtz free energy of the system under the isothermal thermodynamic conditions. The Helmholtz free energy simulations were performed in the framework of quasi-harmonic approximation as a result of calculations of the potential energy and the harmonic phonon frequencies of the system under consideration. The Helmholtz free energy calculated for the set of fixed values of the nanoobject translational period allows obtaining the minimal Helmholtz free energy at specified temperatures in the range 0-1000 K. The present simulations demonstrate that the Young's modulus for the TiO 2 -based nanowires decrease with the increase of the nanowire diameters and approaches to the modulus for the rutile bulk crystal from above. Also, the temperature behavior of the Young's modulus, Poisson's ratio and period for the nanotubes and nanowires are considered. This study reveals that the Poisson's ratios of the nanotubes and nanowires depend on the surface atoms chosen to measure the transverse dimensions of the nanostructures.
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Introduction
Mechanical properties of TiO 2 -based nanostructures (nanotubes -NTs and nanowiresNWs) are important due to their practical applications. In particular, the strengthening of polystyrene films with small amounts of the TiO 2 -based nanotubes enables the increase of the Young's modulus of the nanohybrid films by 18% and the tensile strength by 30%. 1 In medicine, the treatment of the surface of metallic titanium implant by TiO 2 nanotubes improves osteointegration of the implant and prevents dislocation and premature loosening.
The stability of the implant surface is determined by the elastic modulus of TiO 2 nanotubes and nanowires. [2] [3] [4] Titania nanowires have exceptional photocatalytic and photovoltaic activity, outstanding optical properties. 5 Mechanical characteristics of NWs is very important to understand the possibility of developing the reliable photovoltaic and photocalytic cells, optical and electrical devices based on titania nanowires. 6 Experimental measurements of the elastic properties of the nanostructures based on ZnO, TiO 2 and other inorganic compounds give strongly different results. [6] [7] [8] [9] [10] [11] Additional information on the behavior of TiO 2 nanostructures under mechanical loads at different temperatures can be obtained by theoretical modeling of the temperature dependence of the Young's modulus.
* e-mail: s.lukyanov@spbu.ru A number of computer-aided studies has been performed to investigate the temperature dependence of the mechanical properties of the single-walled, double-walled carbon nanotubes [12] [13] [14] [15] [16] and carbon-based nanomaterials such as the fullerene and nanotube derivatives. 17 The main approaches used in these works are the classical molecular dynamics with empirical potentials and density-functional-based tight binding (DFTB) molecular dynamics. 12, 13, 16 The temperature dependence of the Young's modulus, Y, for the nanotubes has been simulated using the determination of strain for a fixed stress 16, 17 and the determination of stress for a fixed strain techniques. [17] [18] [19] Also, the temperature dependence of the stiffness of single-walled carbon nanotubes has been estimated by the molecular dynamics simulations of the intrinsic thermal vibrations of a single-walled carbon nanotube modelled as a clamped cantilever. 12 The Young's modulus values were calculated from the equation relating the modulus and standard deviation of the vibrational amplitude of the tube's free tip displacement.
The results of Dereli and Süngü 14 indicate that the Young's modulus of (10, 10) nanotube decreases in the interval 0 K<T<1000 K but increases at temperature higher than 1000 K. The (10, 10) nanotube also has been studied by Zhang and Shen. 13 The In recent years the investigations of the mechanical properties of the inorganic nanotubes [23] [24] [25] [26] [27] and nanowires 11, [28] [29] [30] [31] [32] have been carried out. However, to the best of our knowledge, the only study on the temperature dependence of the mechanical properties of the inorganic nanoobjects is published in our recent article. 33 Our previous paper 33 The used 33 quasi-harmonic approximation and Helmholtz free energy simulation based on harmonic vibrational frequency is more simple method than the molecular dynamics modelling and it can produce the consistent results.
The present paper has five parts. In the section "Method" the theoretical background of the elastic moduli calculations and relevant formulae are described. The section "Nanostructure models and Computational Details" presents the nanoobject models used and describes the applied atom-atom force field and specific characteristics of the computational procedure. The analysis of the obtained data and the discussion of the results are arranged in the section "Results and Discussion". The summary of the present study conclusions is given in the last section "Conclusions".
Method
One of the main mechanical characteristics of a nanotube is the Young's modulus:
where = ⁄ is the stress or uniaxial pressure due to the force F applied along the nanotube axis and S is the cross-sectional area. The strain along the nanotube axis  ║ is defined as follows:
where L 0 is the initial length of the unit cell or period of the unstrained monoperiodic nanotube; L is the period of the nanotube under strain. The Eq. (1) is following from the consideration of the thermodynamics of the distortion of a solid. Also, as one of the results, this consideration leads to the important thermodynamics relation:
where T is a temperature, E is the total internal energy of the nanosystem, is the entropy, F Helmholtz free energy. 
where 0 ( ) is the volume of the unstrained nanosystem since the energies E and F must be related to the unit volume.
To obtain the Young's modulus from the results of computer simulation the change in the total internal energy of the nanosystem during an isothermal process is frequently applied as follows. 25 ,27
However the more correct way to compute the Young's modulus ( ) considering an isothermal process is to use the Eq. (4b).
The second quantity describing the mechanical properties of the nanostructures is the Poisson's ratio:
The transverse strain   appears as a respond to exerting the longitudinal stress or uniaxial pressure  on the nanostructure. The strain   is defined as follows:
where D 0 is the initial size of the nanostructure in the direction perpendicular to the nanotube or nanowire axis; D is this transvers size due to the longitudinal stress . Using Eqs. 
The Young's modulus and the Poisson's ratio are independent elastic properties. 35 The molecular mechanics (MM) modelling of the structural and mechanical properties of the nanosystems has been carried out by us with the help of GULP program package. 36 Using an empirical force field the potential energy and the phonon harmonic frequencies of the considered nanotubes and nanowires were calculated. The calculated in harmonic approximation vibrational frequencies of the considered nanotubes or nanowires have been computed to obtain the temperature-dependent Helmholtz free energy. The temperaturedependent Helmholtz free energy is the sum of zero point vibrational energy 0 and the contribution of the temperature-dependent free harmonic phonon energy F(T). The zero point energy and the Helmholtz free energy are given by the well-known equation:
where k B is the Boltzmann constant, h is the Plank constant, ν i (k) is ith mode frequency, cm -1 , n i is ith mode degeneracy, N k is the number of k-points in Brillouin Zone (BZ), N ν is the number of vibrational modes, E 0 is the zero point energy, U is the potential energy. In our calculations, the summation in Eq. (8) is made over 16 points uniformly distributed over the monoperiodic BZ of the nanotube.
The optimization of the atomic structure of the nanowire or nanotube is the first step of the elastic moduli simulation using quasi-harmonic approximation. 22 Thus, the period of the 
)/L * and T j from the abovementioned temperature interval have been obtained.
A five-degree polynomial was fitted to every Helmholtz free energy data set F( ∥, * , T j ) at fixed temperature T j . These polynomials allow one to calculate the second derivative of F( ∥ * , T j ) in respect to tensile uniaxial strain ∥ * .
The minimum of U( ∥ * ) is located at ∥ * =0 and independent of T, whereas a position of the F( ∥ * , T j ) minimum does not coincide with that of U( ∥ * ) ∥ * =0 and changes with T increase. As discussed above, the Young's modulus can be obtained using Eq. 4b, where the . (9) The usage of the unit cell parameters corresponding to the Helmholtz free energy minimum at fixed temperature determines the quasi-harmonic approximation. To find Poisson's ratio at temperature T was calculated according to the equation
Helmholtz energy is a function of strain
.
Nanostructure models and Computational Details
As it was shown in our earlier study 37 the double-and triple-walled cylindrical coaxial TiO 2 -based NTs merge producing NTs with consolidated single wall. Depending on the NTs chirality and an interwall distance, the resulting consolidated single wall consists of planar and/or curved sections of the slab together with some elements of the rutile structure as in Figure 1a . However it appears that modelling of the NTs elongation and compression allows us to perform a more detailed study of the NT potential energy surface and, in some cases, to find an optimized structure with lower potential energy. In that way in our present work a more stable optimized structure of the (8, In that way, the subject of the present study is the calculation of the elastic properties temperature dependence of the seven objects: two nanotubes (distorted four facetted NT with 72 formula units per UC, (Figure 1b Table 1 demonstrates the ability of the M&A force field to reproduce the lattice constants of rutile crystal. The optimization of atomic structure has been done through the minimization of potential energy of the system in the MM calculations with the GULP package 36 . The DFT calculation results are taken from Evarestov and Zhukovskii, 40 . the structure optimization is implemented as the potential energy minimization with the help of the conjugate gradient algorithm. As one can see, the discrepancy between DFT PBE results and experimental data is 1% and the corresponding discrepancy for the MM simulations with M&A force field is 2%. The value of the nanostructure's volume per unit cell is the key parameter for the Young's modulus determination, see Eqs. 4a and 4b. The volume of an unstrained facetted nanowire at a temperature T can be calculated as a product of the period of unit cell, L 0,T , and the area of the cross-section of NW (Figures 2b and 3) , S. The nanowire period is well defined quantity. However, the NW cross-section area cannot be defined unambiguously. The area of the largest FNW cross-section should be a product of the length of NW cross-section Moreover, the significantly smaller distances between the corner oxygen atoms (for example, in the smallest FNW, Figure 3a) become comparable with the ambiguous atomic diameter.
In the present study we applied the method of nanostructure volume calculation analogous to the one employed in the previous research. 37 At first, the calculation of molar volume V M of the unstrained largest FNW at T=0 K was performed using the geometrical parameters of the nanowire and the effective anion radius. As in previous study, 37 
where N FU is the number of formula units per unit cell of the nanowire or nanotube, and Table 2 demonstrates the values of the distance between corner titanium atoms and between corner oxygen atoms or diagonal or diameter of the FNWs and FNTs under study (see Figures 2 and 3) . As a whole, it follows from Table 2 that the differences between the results of the present simulations and data of DFT large scale study don't exceed 2-3%.
Results and Discussion
The results of our molecular-mechanics simulations demonstrate that CSW NT i. e. distorted four facetted NT has a lower Young's modulus values than that for the four facetted NT. Simultaneously the temperature dependence of the Young's modulus for the distorted four facetted NT displays the more intensive decrease of the stiffness with the temperature increase, see Figure 5 . These relations between the elastic characteristics of the two FNTs can easily be attributed to the disturbances which are brought in the structure of the distorted FNT by the fluorite-like elements, Figure 1b , region S. The presence of the fluorite-like elements in rutile structure provides higher coordination numbers for some titanium and oxygen atoms.
Also, Figure 6 indicates that the period of the distorted FNT is notably greater than the period of the intact (with regular rutile structure) FNT. This observation, probably, reveals one of the possible stages of the Young's modulus diminishing mechanism: the nanotube with mixed structure has additional number of degrees of freedom to relax under external loading and, consequently, to diminish stiffness. As in the case of the cylindrical single-walled nanotubes, 33 the behavior of Young's modulus for the FNWs with temperature correlates with the behavior of the period of the nanowires. However, the length of unit cell of the nanowires increases with heating.
Nevertheless, the L 0,T versus T curves can also be split into two parts. In the temperature range 0 ≤ T ≤ 150 K the unit cell length is almost constant, Figure 6 . The periods of all the FNWs and FNTs increase as temperature grows in the second range from ≈150 to 1000 K.
On the whole, the periods of the FNWs decrease with the size decrease, see Figure 6 .
However the values of period of the largest FNW (81 formula) and FNW with 64 formula units per UC are close and the corresponding L 0,T versus T curves merge in Figure 6 .
The average increase of the period for FNTs and large-size FNWs with temperature is about 0.8%, 
